Mechanistic understanding of colloid retention and transport in porous media is important 13 in many environmental processes and applications. In this study, we characterized and quantified 14 colloid retention under unfavorable attachment conditions through modeling coupled with pore-15 scale experiments, focusing on the effects of solution ionic strength and interstitial flow speed. A 16 computational approach was developed to simulate the motion of colloids suspended in a pore-17 scale flow through a network of grain packing in a bounded channel. Simulation results show 18 that colloids could only be retained at the secondary energy minimum (SEmin) due to presence 19 of the high repulsive energy barrier (above 1500 kT). The fraction of colloids that can move into 20 the SEmin well and be subsequently retained by the attractive van der Waals force is controlled 21 by the competition of hydrodynamic along-the-streamline transport and Brownian cross-the-22 streamline shifting. The tangential hydrodynamic force could slowly drive retained colloids 23 towards the rear stagnation region along the surface, leading to accumulation of retained 24 colloids. The retention at SEmin is dynamically irreversible when the SEmin depth reaches 25 about −4 kT. These mechanistic insights explain well the dependence of retention ratio on flow 26 speed at a given ionic strength as well as the saturation of retention ratio with ionic strength at a 27 prescribed flow speed. Furthermore, for a given ionic strength, there is a critical flow speed 28 below which Brownian motion dominates colloid retention rate, leading to a very strong 29 dependence of surface coverage on flow speed. These simulation results are confirmed by 30 experimental confocal-microscopy observations in capillary porous channels as well as by other 31 published results, supporting the above mechanistic findings.
colloids considered in this study are sulfate-modified latex microspheres, which are amphiphilic 146 in nature and may serve as a good model for biocolloids such as viruses.
147
THE COMPUTATIONAL APPROACH 148 In this section, we describe the key elements of the computational approach including the 149 geometric model and numerical methods to solve the pore-scale viscous flow and integrate the 150 colloid equation of motion.
151
The Pore Geometry Model and Viscous Flow Simulation 152 In this paper, we adopt a two-dimensional model approach (Gao et al. 2008) . The grains are Figure 1a was assumed to equal to the cylinder radius (0.077 mm) and one cell-pore volume is 161 defined as the volume of pore space area shown in Figure 1a times 0.077 mm. In view of the 162 relatively slow retention rate at the grain scale and as such a long physical time interval is 163 required for reliable statistics, a 2D model is computationally more efficient than a 3D model. 164 No-slip velocity condition is applied on the two sidewalls at x = 0 and x = H, and on the surface At the initial time t = 0, the fluid is at rest. Flow is then driven by a constant pressure 169 gradient or a body force in the y direction. The body force per unit volume is set 170 to , such that the centerline velocity of the channel would be at long times 171 when the body force is balanced by the viscous effects, if there were no glass cylinders in the is used to study the transport of colloids.
178
The methods to simulate the slow viscous flow in the model geometry have been described 179 in Gao et al. (2008) and the physical parameters were detailed in Table 1 of Gao et al. (2008) . 180 Two computational methods were simultaneously applied: a mesoscopic method known as the 181 lattice Boltzmann method (LBM) and a macroscopic Navier-Stokes based hybrid method 182 (Physalis) developed by Prosperetti and co-workers (Zhang and Prosperetti, 2003 & 2005 ) . The 183 mesoscopic LBM (Chen and Doolen, 1998; Yu et al., 2003) is a non-conventional approach 184 based on a kinetic formulation and has several advantages over the traditional Navier-Stokes the fluid flow is assumed to be unaffected by the presence of colloids. Each colloid is tracked 206 using the following equations of motion at the normal and tangential directions by was fixed at 5 ppm in all simulations. Up to 6,000 colloids were injected at the inlet depending 238 on the flow speed. Note that the computation time is roughly inversely proportional to the flow 239 speed. 240 We must note that a fine mesh is needed to capture accurately the trajectory of a colloid 241 near a glass bead. As shown in Figure 2 , the flow velocity exhibits a high local gradient 242 particularly near the front and rear stagnation points. We found that an insufficient mesh 243 resolution tends to overestimate the local fluid velocity at a colloid location near a collector 244 surface, leading to a higher number of colloid retention at the secondary energy minimum. (diiodomethane) and two polar liquids (water and glycerol). We measured the contact angles of 272 colloids in the three liquids following the procedure described below.
273
A droplet of colloid suspension obtained from the manufacturer (without further treatment) 274 was put on a glass cover slip and dried at room temperature to form a uniform monolayer of 275 colloidal film. Contact angle measurements were made using a light microscope connected with 276 an AxioCam (Axioskop 2 microscope, Zeiss, Carl Zeiss MicroImaging, Inc., Thornwood, NY).
277
For each liquid (i.e., diiodomethane, water, or glycerol), a tiny droplet of that liquid was placed 278 with a syringe needle on the colloidal film and pictures were captured and analyzed. A total of 3 279 measurements were taken to obtain an averaged contact angle value for each liquid. 
where is the component of surface tension ( ) with subscript "S" denoting solid and "L" 284 denoting liquid. The parameters , , and are related through the following relationship:
Components of surface tension for each liquid are known and listed in Components of the experimental setup included a glass capillary packed with glass beads 298 (referred to as micromodel), a syringe pump, and a confocal microscope ( Figure 1b ). The 299 capillary used in this study had a square cross section of 0.8×0.8mm and a porosity of 0.425.
300
Inlet and outlet end of the capillary was each filled with a nylon membrane with 20 µm pore As shown in Table 1 , the zeta-potentials of both colloids and glass beads are negative over 
336
The total DLVO energy profiles are plotted in Figure 3 . For the conditions considered here, 337 the repulsive energy barrier is located very close to the collector surface. For the higher ionic 338 strength cases, it is rather close to the equilibrium distance h 0 (0.157 nm) where physical contact 339 is assumed to occur (the vertical line drawn in Figure 3a ). Figure 3b shows that, for different 340 ionic strengths, the energy profiles immediately outside the SEmin overlap. This is because, 0.03M), the energy barrier between a suspended colloid and glass surface increases slightly with 348 increasing ionic strength as a result of the initial increase of zeta-potential of colloids (Table 1) .
349
On the other hand, as the solution ionic strength further increases, the SEmin depth also 350 increases, indicating that colloids could be retained at SEmin. Indeed, these general physical 351 scenarios will be predicted quantitatively by our model simulations. distance was set to 50 nm when the solution ionic strength was 0.01 M or higher. This distance 360 corresponds to a DLVO energy of −2.7 kT (see the last column of Table 3) , and is larger than the 361 gap distance corresponding to the SEmin location (See Table 3 ). However, for the lower ionic This competing effect between Brownian motion and convective transport are illustrated 427 further in Fig. 6 where we compare the distribution of the injection locations of those colloids 428 retained by a collector surface. Namely, for each retained colloid, we trace back their initial 429 injection location at the inlet with and without Brownian motion. When the flow speed is low, 430 colloids have to be injected at specific locations in order to approach a collector surface without 431 Brownian motion ( Fig. 6a ) whereas, with Brownian motion, colloids injected at almost all 432 locations in the bulk solution at inlet could reach a collector ( Fig. 6c ). At the higher flow speed, 433 the effect of Brownian diffusion is less significant as shown by the very spiky distribution at the 434 inlet ( Figs. 6b, 6d ). This explains why the surface coverage is very sensitive to the flow speed 435 when the speed is below 25 m/d (Fig. 5 ).
436
Flow speed also affects colloid retention by changing the hydrodynamic force and torque The model developed in our study provides a useful framework that can be systematically 535 made more complex and accurate by including factors and physical processes not considered in 536 this paper. Recently, we have extended the model to 3D porous media (Gao et al., 2010) . The
537
Lagrangian trajectory approach allows consideration of chemical and physical heterogeneities, 538 such as charge variations and surface roughness. A systematic incorporation of these factors and 539 additional processes into our simulation model will ultimately improve our understanding and 540 predictive ability of colloid retention and transport in natural soil and groundwater aquifers.
541
APPENDIX 542
Formulation of Forces Acting on a Colloid 543
The hydrodynamic drag forces in the normal and tangential direction were calculated by 
where is the interstitial flow velocity (defined as the volume flow rate over the product of 559 channel cross-sectional area and porosity) and is the diameter of the grain particles. For the 560 current application, we found that when , implying that colloids 
596 where h 0 [m] is the equilibrium distance set to 1.57×10 − 10 m, where physical contact between a 597 colloid and cylinder surface occurs, χ is the water decay length set to 0.6 nm (van Oss, 1994) , γ LW [J/m 2 ] is the Lifshitz-van der Waals component of the surface tension with "1" denoting 599 colloid, "2" denoting glass and "3" denoting water.
600
Finally, Lewis acid/base interaction originates from the bonding reaction of a Lewis acid 601 and a Lewis base. The interaction energy was expressed as (Liang et al., 2007) 602 
